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Abstract
The new release of the CNGS neutrino beam simulation, which describes the beam-line
features according to its final design, and its main results are presented and discussed. Stor-
age of neutrino identity, energy and history in n-tuple format is also described, so that the




The Monte-Carlo description of the CNGS neutrino beam was recently updated in order to precisely de-
scribe the beam-line set-up and calculate the neutrino beam features and performance. All the neutrino
beam-line sections (see Fig. 1) were coherently described inside the FLUKA[1, 2] framework accord-
ing to the executive technical drawings, including all the infrastructures as service galleries, radiation
shielding, tubes, conductors, cables, etc. A particular attention was devoted to the description of the
target box reproducing exactly the shape and composition of the graphite rods and of its supports, tubes,
windows etc. used in the construction. The present simulation framework comes from the evolution and
merging of previous versions[3, 4, 5, 6, 7, 8, 9, 10] developed since the very early phases of the CNGS
project.
2 CNGS beam-line description
Figure 1: Schematic draw of the CNGS beam-line set-up.
According to the several physical and technical studies performed from 1998[3], the CNGS neutrino
beam facility at the SPS (Super Proton Synchrotron) develops on 1.2 km of length from the proton beam
tunnel TT41 toward the Gran Sasso Laboratory. The facility, schematically sketched in Fig. 1, consists
of a target devoted to meson production followed by a horn and reflector focusing the positive charged
particles in a 1 km long decay tunnel where neutrinos are produced and a beam dump at the end of
the beam-line. Several monitor systems as SEMs and Muon detectors are located in different points of
the CNGS beam-line in order to measure the incoming proton beam and the secondary particle fluence
along the set-up. The positions of the main CNGS beam line elements are reported in the appendix,
tables 5 and 6.
2.1 The target box
The description and the calculation of the secondary meson production in the target is one of the most
delicate and challenging item of the neutrino beam simulation. All the target box elements were accu-
rately described in the Monte Carlo simulation, starting from the “revolver structure” which includes
the five tubes where the targets, the nominal-one and the spares, are inserted (see Fig. 2). The axis of the
revolver structure is parallel to the beam axis, and situated 17.5 cm above it. The 5 centers of the 5 target
tubes are equally spaced by 72 degrees on a circle of radius 17.5 cm, so that the axes of the bottom-most
tube is centered on the beam axis. The tubes are held together by two aluminum flanges, which have
also the function of gear wheels for the revolver rotation. The detailed shape of these flanges is not yet
implemented, for the time being they are approximated as two annular structures 2.8 cm thick, with an
external radius of 30 cm, an internal radius of 21 cm, shaped to hold the tubes. Those flanges are hold






Figure 2: Schematic draw of the target revolver as described in FLUKA Monte Carlo.
Figure 3: Photo of the C-C tube with graphite rods and supports.
The basic element in the revolver complex is an aluminum-iron target tube of 205.5 cm of length,
12.4 cm internal diameter and 0.3 cm of thickness, which contains a C-C tube 0.5 cm thick, 204 cm long
with internal diameter φ0 = 9.2 cm where are fixed the graphite support of the target rods (Fig. 3). In
order to minimize the material around the rods and allow a better circulation of the He inside the target
tube, the C-C tube structure has 80 large holes. Three graphite blocks 1.4cm thick are inserted inside the
aluminum tube at ±46.5 cm distance from the center of the target to constraint the C-C tube. (Fig. 4).
The rods are graphite cylinders of 4 mm diameter and 10 cm of length with the extremities well shaped














Figure 4: Transversal section of the external tube which includes the C-C tube of the target and its
supports (top) and the graphite supports of the target rods (bottom) as described in the FLUKA geometry.
first 8 rods are separated by 9 cm each, the last 5 are packed with 0.1 cm gaps (Fig. 5). According to
previous M.C. beam calculation, the first two rods have an increased diameter of 5 mm to better contain
proton beam tails due to eventual beam instabilities and to better dissipate the heat generated by the
beam interactions.
The target tube is closed by two end-cups, two circular Be windows of 5.0 and 10.6 cm diameter and
0.381 and 0.645 mm thickness at the beginning and at the end respectively. At the outer surface of the
target tube the heat dissipation is guaranteed by a radiator (Al(2/3)+ Fe(1/3)) which is modeled in the
M.C. as a foam with a density properly reduced to 23 % of the material to account for the empty spaces
(see Tab. 1).
In the real CNGS revolver, the five targets are made of diffrent Carbon “flavours”, i.e. graphite of
different densities or carbon composite. In the simulations, all target tubes contain the same target, the
baseline one.










Figure 5: Lateral view of the target box description (top) and details of the last 5 rods (bottom).
element material density (gr/cm3)
target tube Al(2/3)+ Fe(1/3) 4.42
C-C tube C 1.34
block supports C 1.43
rod supports C 1.47
rods C 1.76
end-cups Be 1.85
radiator Al(2/3)+ Fe(1/3) 0.97
Table 1: Composition and density of the material used in the target box simulation.
the target made of iron1 are shown in green in Fig. 6. The upper one is 271 cm in length, 68 cm in width
and 3 cm in height. The second element is 244 cm in length, 56 in width and 5 cm in height. versions
of the
1Actually, the support elements are made of aluminum, but they are modeled as iron following an old assumption. This
will be corrected in future versions
5
Figure 6: Left: Transversal section of the target chamber at z=50 cm from the focal point, Right:
Longitudinal section of the target chamber.
Element Thickness (cm)
Iron roof shielding 80
Lateral iron shielding 80
Bottom iron shielding 40
Lateral marble shielding 40
Upstream iron shielding 60
Marble downstream target 30
Table 2: Thickness of the different shielding materials in the target area.
The same figure shows the shielding of the target station. It consists mainly of blocks of iron but
there are also blocks of marble on the left and downstream the target unit. In this figure the iron is
represented in yellow and the marble in blue. Part of the collimator upstream the target can be seen in
orange. Tab. 2 shows the thickness of the different elements of the target shielding. In Fig. 6 the iron
shielding is split into several layers for biasing purposes.
2.2 The magnetic horn and reflector
The magnetic horn was invented in 1961 by S. Van der Meer for the collection of charged particles
emerging from a target. It is composed by two coaxial conductors defining a magnetic volume. The





This field will exert a force on the particles generated in the target:
F = qv× B. (2)
The outer conductor of the horn has a cylindrical shape while the inner conductor is generated by the
rotation of a parabola around its axis, with a hole at the vertex. For a point like source, a horn focuses
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Figure 7: Trajectories of secondary particles in the magnetic horn region.
Figure 8: FLUKA geometry of the horn and reflector.
Figure 9: Vertical section of the FLUKA geometry at z = 928 cm (left) and z = 500 cm (right), in dark
blue marble, in orange concrete and in gray iron (all distances are in cm).
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Figure 10: Extrusion used in the support of the horn and reflector (all distances are in mm).
Figure 11: Horizontal section at y = −77 cm (all distances are in cm, the scale on top gives relative, not
absolute, position).
perfectly particles with a definite total momentum and any transverse momentum. The focused energy
depends on the distance from the source, on the current and on the shape of the parabolic section. Of
course, non-perfect focus is obtained in an energy band around the optimum one. Moreover, the CNGS
target is not point like, particularly for the first magnetic lens that is placed at about 119 cm from the end
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of the last target rod, thus inducing a smearing of the focusing efficiency. The direction of the current in
the conductors, and therefore the orientation of the magnetic field, allows to selectively focus positive
or negative particles, and de-focus the opposite sign. Trajectories of the secondary particles in the horn
region are shown in Fig. 7.
In the CNGS project to optimize the focusing there are two magnetic horns, called traditionally the
horn and the reflector. The parameters of horn and reflector are chosen to optimize a wide-band high-
energy νµ beam[4]. These two focusing elements are similar in length but different in shape. The inner
conductors are approximated in the FLUKA geometry with a sequence of truncated cones as it can be
seen in Fig. 8.
The effective focusing range is 20 ÷ 50 GeV; for particles having an energy in the low part of this
interval the horn is over-focusing and the reflector compensates it re-focusing these particles. Particles
with an energy in the high part of this interval are under-focused by the horn and the reflector complete
the focusing of these particles. Beyond these values the reflector cannot compensate the defocus of the
horn.
The inner conductor has to have a thickness, which is a compromise between particle absorption and
mechanical stability. In particular the neck in the end of the inner conductor is very sensitive to beam
misalignments.
The collisions of the secondaries with the horn which is made of aluminum will release a big amount
of heat. Therefore a cooling water system has been designed to avoid that the horn reaches high tem-
peratures. In the case of the inner conductor a maximum temperature of 50◦C has been established and
100◦C for the outer conductor. The thickness of the water layer as calculated in [11] resulted below 0.02
cm around the horn inner conductor, giving at the first order negligible effects in the neutrino produc-
tion. Similarly a layer of water of 0.1 cm on the bottom of the horn outer conductor was calculated (no
effects are expected due to the large distance from the beam axis). The draining pipe is well described
in the simulation description, while the feeding pipe and the water thickness in the horn region will be
implemented in the next release of the CNGS code.
The shielding of the horn consists of a sandwich like structure of 30 cm marble, 20 cm of iron and
30 cm of concrete from inside to outside (see Fig. 9). The roof is of iron and the support of the shielding
is of iron with spaces of air in between. It was recently decided to perform some openings in the roof
of the horn shielding in order to improve the cooling of the horn. These openings were implemented in
the FLUKA geometry as shown in the right part of Fig. 9. On the left part of this figure it can be seen
a vertical layer support of the horn and the transversal section of two longitudinal supports of the horn
shown in Fig. 11 and Fig. 12.
The longitudinal supports of the horn consist each of 4 extrusions joined forming a parallelogram; a
cross section of the extrusion can be seen in Fig. 10. This profile was approximated in FLUKA with a
parallelepiped 100 x 200 mm2 with a hollow of air inside. It was considered a thickness of 2.5 mm.
Fig. 11 shows the first aluminum support of the horn consisting of four hollow parallelepipeds, two of
them of 546 cm in length and the other two of 80 cm. A draining pipe 527 cm long was also implemented
for the cooling system of the horn. The second aluminum horizontal support of the horn shown in Fig. 12
consists also of 4 hollow parallelepipeds, two of them of 536 cm in length and the other two of 40 cm
in length. In the same figure there can be seen also the 3 aluminum feet of the support structures.
Two sets of plates consisting of a series of layers of aluminum connect respectively the horn and
reflector to the alternating power supply in the service gallery; these electrical connections have been
implemented in detail into the FLUKA geometry [6]. Each set consists of 8 aluminum conductors with
cross section of 400× 15 mm each. The connection with the horn and reflector consists of two sets of 8
pseudo-octagonal layers 1.5 mm thick. These electrical connections were modeled as a single aluminum
cylinder; recently they have been replaced by a layer structure, more refined and closer to the real design
[16]. To disconnect and connect the horn while replacing the horn there is a copper section called the
fast coupling system (in yellow in Fig. 11). There is an opening in the lateral horn shielding in order
to connect the horn to the transformer in the service gallery (see Fig. 11). The opening of the horn
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shielding extends in length from z = 919 cm to z = 1100 cm, in width from x = 70 cm to x = 150 cm
and in height from y = −140 cm to y = −70 cm.
Figure 12: Horizontal section at y = −123 cm (all distances are in cm, the scale on top gives relative,
not absolute, position).
FLUKA simulations results of the energy deposition [6] on a vertical section of the horn are shown in
the left part of Fig. 13. In the same figure there are also shown results of FLUKA simulations concerning
the dose equivalent rate after one week cooling time and an irradiation time of 200 days. This last result
was calculated in the framework of some intervention scenarios in the horn electrical connections. More
information about these results can be found in references [12], [13], [14] and [15].
The reflector region (see Figures 14 and 15) has been provided with a concrete shielding: 4 shielding
elements have been used each of 2.4 m in length as shown in Fig. 14. The side walls are 80 cm thick
(divided into 4 layers 20 cm thick for biasing purposes) and 2.24 m high. There are four roof elements,
3 roof elements have a height of 0.4 m, while the fourth element consists of two parts the first is 0.6 m
in height, 0.8 m long and the second is 0.4 m in height, 1.6 m long.
The reflector has been provided with the same set of support elements as the magnetic horn. This
can be seen comparing Fig. 14 for the reflector with Fig. 9 for the horn. The dimensions are however a
little different: the first horizontal support structure of the reflector consists of 4 hollow parallelepipeds,
two of them of 120 cm in length and the other two of 546 cm in length. The second horizontal support
structure of the reflector consists of 4 hollow parallelepipeds, two of them of 80 cm in length and the
other two of 536 cm in length.
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Figure 13: Left: Energy deposition on a vertical section of the horn. Right: dose equivalent rates near
the horn electrical connections (top view projection).
Figure 14: Vertical section of the reflector including the shielding at z = 4690 cm from the focal point
(all distances are in cm).
2.3 The He and the decay tunnel
There are two helium tanks set to minimize the interactions of secondary beam particles in their trajec-
tory to the decay tube (Fig. 24).
The first set is placed between the horn and the reflector; the start coordinate with respect to the focal
point is 11.4 m, the total length of the pipe is 30.8 m. The diameter of the first 6.8 m is 0.80 m, while
remaining length has a diameter of 1.20 m; the aluminum pipe is 4.0 mm thick. Two titanium windows
are placed at the entrance and at the exit of the tank, with respective diameter of 0.80 m and 1.2 m; the
thickness of the entrance window is 0.3 mm, the thickness of the exit window is 1.0 mm. The FLUKA
geometry of the CNGS installation is shown in Fig. 24. The two helium tanks can also be seen there.
The shielding around the first helium tube is made of concrete: side walls are 0.80 m thick and 2.2
m high; the roof is 0.6 m thick. Both side walls and the roof have been split into layers of 0.2 m in
thickness for biasing purposes.
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The second helium tank set (Figures 15 and 16) is located between the reflector and the decay tube;
start coordinate with respect to focal point is 51.70 m, the total length of the pipe is 41.0 m and the
diameter is 1.2 m. The aluminum pipe is 4.0 mm thick.
Figure 15: Reflector and second helium tank, horizontal section at y = 0 cm (all distances are in cm,
the scale on top gives relative, not absolute, position).
Two titanium windows, both with 1.2 m diameter and 1 mm thickness, close the second helium tank.
The shielding side walls are 0.80 m thick, but they have been cut for biasing purposes in four layers, 0.2
m thick each. The roof is 0.4 m thick but the first 7.2 m are 0.6 m thick; also the roof has been cut in
layers. A shielding block underneath the tube is also present; it is 0.6 m thick.
The decay pipe is placed downstream the second helium tank. Air gaps between the tube and the
tunnel have been filled with concrete; the pipe is made of steel and it is 998.0 m long. Start coordinate
with respect to focal point is 94.5 m. The inner diameter of the decay pipe is 2.45 m; the thickness
is 18.0 mm. The pipe is closed by two plates of 3 mm and 5 cm thickness at the entrance and exit
respectively; the diameter, identical for both of them, is 2.45 m, while material is different, titanium at
the entrance and steel at the exit. The protecting shutter has not been included yet in the Monte Carlo
description.
The decay tunnel, containing the vacuum tube, is 989.5 m long, therefore the vacuum pipe protrudes
by 5.5 m outside the decay tunnel upstream, by 3.0 m downstream. In terms of coordinates this means
that the exit tube window is 1092.5 m from the focal point.
In previously used geometries the decay pipe and the tunnel were 994.5 m and 991.5 m long, re-
spectively, and their upstream coordinate coincided, while downstream the pipe swelled out by 3 m.
Upstream the distance between the second helium tank exit window and the decay tube entrance win-
dow was 7.3 m, in the current geometry it has been reduced by 5.5 m, to minimize the interactions of
secondary beam particles with air.
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Figure 16: Second helium tank and decay tube, horizontal section at y = 0 cm (all distances are in cm).
2.4 The beam-dump
Since the decay tunnel is 2 m shorter than the previous geometry, hadron cavern and muon pits have
been moved 2 m upstream, being the distances between tunnel downstream and hadron stop unchanged.
In Fig. 17 and top of Fig. 18 the cavern concrete wall and platform can be recognized with the final
part of the decay tube. The graphite core and the surrounding iron block are sketched in Figs. 17 and 18
center and bottom. The space between the iron absorber and the concrete wall is filled by air. The dump
is separated by a 30 cm concrete wall by the first muon pit. The adopted density of the graphite, iron
and concrete was 1.75, 7.2 and 2.42 g/cm3 respectively.
2.5 The monitor systems
In case of accidental beam misalignments in position or angle, an interlock must be provided to stop the
beam, in order to protect the CNGS components. Three pairs of ionization chambers plus a secondary
electron emission monitor have been installed in the TCC4 target chamber to provide the signal for the
interlock.
A 1 m long boron-nitride collimator has been implemented in the geometry upstream the target:
the hole has a diameter of 14 mm, which saves the horn neck (18 mm diameter) from any damage. A
pair of ionization chambers (Beam Loss Monitors) has been placed beside the collimator, to detect the
backscattered particles: as yet, they have been shaped as 10 cm radius spheres, as shown in Figure 19.
The secondary emission monitor has been placed 70 cm downstream the last target rod: this TBID
(Target Beam Instrumentation Downstream) will measure the multiplicity (ratio of number of secondary
beam charged particles to number of protons hitting the target), the asymmetry of the secondary hadron
beam (differences in multiplicity between right and left half planes in the horizontal plane, and upper and
lower half planes in the vertical plane), the halo of the secondary hadron beam (population of the tails of
the beam distribution). It consists of titanium foils (0.012 mm thick) generating electrons, and electrodes
collecting these electrons and producing signals. The vacuum box containing the instrumentation is
closed by two titanium windows (0.25 mm), which might not withstand the beam intensity in case
of accidental mis-steering of the beam: that’s why two additional BLMs have been put as back up
instrumentation outside the horn shielding; although they will provide a less accurate information than
the TBID, they will remain sensitive to eventual beam misalignments. Figure 20 shows the position
of TBID and BLMs in the TCC4 chamber: initially it was proposed to place the ionization chambers
inside the horn shielding, but the calculated particles fluence inside the shielding seems to exceed the












































Figure 18: Transversal section of the dump cave at z = 109550 cm (left) and z = 111050 cm (right)
from the target.
A further monitoring device has been devised recently, the so called cross hair. This consists of
two crossing thin aluminum bars, one horizontal and the other vertical, placed at the end of the target
hall, immediately after the end of the second helium tank (see fig.21). The bars will be placed at 1 cm
distance from the nominal beam axis, corresponding to twice the uncollided beam σ in this position. In
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Figure 19: Collimator upstream the target with the two ionization chambers, layout (left) and geometry
input file (right).
absence of target and focusing magnetic fields, the beam will be steered on and through the bars, and
the variation of secondary particle multiplicity will be recorded by two BLMs placed at 1 m radius 2 m
downstream the cross hair, thus checking the beam angular positioning. The dimensions of the bars
have been optimized to be the minimal ones compatible with a clearly detectable signal in the BLMs.
They will have a thickness of 4 mm in the plane orthogonal to the beam, and 2 cm in the longitudinal
direction. This device will stay in place also during normal operation, since, according to simulations,
its effect on neutrino fluxes is negligible.
Ionization chambers will also be used to equip the two muon pits. The first pit is placed immediately
after the beam dump, separated from it by a 30 cm thick concrete wall. The second one follows after
67 m of rock (molasse). The simulated rock composition is 29.4% Si, 54% O, 12.2% Ca, 0.7% H and
3.7% C with a density of 2.4 g/cm3. Both pits are 5 m long. These pits will be equipped with 18 monitors
each, 17 of them mounted on a cross-shaped support, the last one movable for inter-calibration. For the
moment, the detectors are not included in the simulation: results in different alignment/target/horns
conditions are obtained in terms of muon fluence at the pits position.
Figure 20: Target downstream instrumentation, first proposal (left) and geometry input file (right).
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Figure 21: Cross-Hair and ionization chambers upstream the decay tube.
2.6 CNGS infrastructures
Figure 22: CNGS Infrastructures.
The target chamber TCC4 is the main tunnel. It is a cylindrical cavern 115 m long and has a diameter
of 6.50 cm and inside it the main elements of the installation will be located, namely the target station
T40, the horn, the collimator, the reflector and two helium tanks. Upstream the target chamber there is
the junction chamber, which provides a connection to the access and proton beam tunnels. The length
of this structure is 8 m and its diameter is 9 m.
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A schematic view of the CNGS underground structures can be seen in Fig. 22. All the tunnels and
galleries of the CNGS installation [16] can be seen in Fig. 23.
Due to the earth curvature to focus the neutrinos to Gran Sasso the target chamber has an inclination of
5.6% (that is not considered in the FLUKA geometry description).
Upstream the junction chamber there are the following structures:
• the storage chamber TSG40, 20 m long and 3.10 m in diameter to store radioactive materials;
• the ventilation chamber TCV4, 15 m long and 9 m in diameter to house the ventilation and cooling
equipment;
• the proton beam tunnel TT41 which contains 73 dipole and 28 quadrupole magnets, through which
the proton beam of 400 GeV/c ejected from the SPS is transported to the CNGS target T40. In the
FLUKA geometry this tunnel is included up to z = −8001.34 cm with respect to the focal point.
It is important to remark that the focal point in the CNGS layout is located 50 cm downstream of
the beginning of the target rods and the origin of the FLUKA geometry is located in the middle
point between the beginning and the end of the target rods;
• the access gallery TAG41 connects the cavern ECA4 to the target chamber. It allows the access
of personnel and equipment from point BA4 of the SPS accelerator, its length is 769 m and the
diameter is 3.1 m. In the FLUKA geometry this tunnel is included up to z = −8001.34 cm with
respect to the focal point.
Parallel to the target chamber about 12.5 m sidewards there is the service gallery TSG4, a 148 m
long gallery with a diameter of 3.48 m. The cross galleries TSG42 to TSG47 are 6 service galleries
connecting TSG4 with TCC4, which are 1.80 m in diameter and allow the access to the target chamber
for workers and power connections. There is another service gallery TSG41 connecting the junction
chamber with the ventilation chamber. In order to cope with the heat deposited in the structures of the
TCC4 target cavern, it was decided to drill two holes in addition to the passages TSG41 to TSG47. These
ventilation ducts will distribute the cold air along the floor and the hot air will be sucked in from the
ceiling. These two ducts can be seen in the layout of Figure 23 and in the FLUKA geometry (Fig. 24).
Downstream the second helium tank starts the decay tunnel, which is about one kilometer long and
it is there where the pions and kaons will decay in flight producing the neutrinos. The length of this
tunnel is of the same order as the typical pi decay lengths (for example 2.2 km at 40 GeV). To cope with
the angular distribution of parent hadrons the decay pipe has a diameter of 2.45 m. The cross gallery
TSG48 connects the service gallery TSG4 with the decay tunnel.
3 Modeling with FLUKA the particle production and transport
FLUKA [1, 2] is a Monte Carlo code able to simulate interaction and transport of hadrons, heavy ions
and electromagnetic particles from few keV (or thermal neutron) to cosmic ray energies in whichever
material. Code description and a wide collection of benchmarks and applications can be found in the
literature (see [1] and references therein) and on the FLUKA web page ( www.fluka.org). In particular,
particle production at the energy of interest for the CNGS beam has been successfully benchmarked[17].
Special care has been taken in the modeling of particle decay, with the inclusion of proper matrix
elements for kaon and muon decays and implementing polarized decays for pi’s, kaons, τ ’s and muons.
A specific set of FLUKA user routines has been developed for CNGS calculations. These routines
are in continuous evolution to match the evolution of the geometry and the needs of the users. They
include:
source to sample the primary transverse position and momentum so as to get the desired beam size and
divergence at the focal point, independently from the longitudinal coordinate of the beam starting
position;
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Figure 23: Left: Complete layout of the CNGS Infrastructure. Right: Partial layout of the target chamber
TCC4.
usrini reads from input cards the run parameters, such as the type of calculation (i.e. muons or neutrinos
or energy deposition etc), the version of the geometry used, the version of magnetic lenses geom-
etry, and their current, and so on. In this way, the user routines are always able to handle old cases
for comparison;
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usrmed Applies ad-hoc particle killing in selected energy and region ranges, performs “perfect focusing”
if requested, activates neutrino scoring at detector position(s), writes the particle history for subse-
quent n-tuple creation. All the options are controlled through the initialization settings;
magfld calculates the magnetic field in the horn and reflector magnetic volumes and, on option, in the horn
and reflector inner conductors;
comscw and
fluscw initialize and perform non-standard scorings, like neutrino energy-position distributions at Gran
Sasso; perform conversion to dose equivalent rate.
stupfr stores the variables for the reconstruction of particle “history”.
Various types of biasing are applied, depending on the simulation “case”. Importance biasing, for
instance, is used for shielding-related calculations, radioactive decay biasing for activation studies etc.
For neutrino production and for the determination of muon fluxes at the muon pits, decay length and
decay direction biasing are applied.
Transport thresholds are set by input cards. In FLUKA, transport thresholds for hadrons are the same
for all materials and regions, while electron, positron and photon ones can be set region by region. The
chosen thresholds depend on the simulation case. To save computing time, all electromagnetic particles
are discarded in the neutrino production runs.
4 The CNGS neutrino beam line calculations
The same geometry file describing the CNGS facility inside the FLUKA framework was used for the
various simulation cases of the CNGS neutrino beam line according to the different purposes:
• energy deposition and radioprotection studies on order to evaluate the the mechanical stress/heating
of the materials in the beam line, the dose equivalent rate;
• the monitor beam response, i.e. the muon distributions at the muon pits;
• the predicted neutrino beam energy spectrum and composition at the Gran Sasso Laboratories.
Moreover the most important informations about the neutrino beam useful to long-base line experiments
at the Gran Sasso have been stored in n-tuples in order to allow to exploit the real physical sensitivity of
the experiments.
In the simulation the incoming 400 GeV/c proton beam was injected around the center of the rod
transversal surface according to gaussian spatial and angular distributions with σX = σY = 0.53 mm
and σθ = 0.053 mrad respectively.
The nominal parameters for the CNGS proton beam assume two fast extractions every 6 s, with
2.4 · 1013 protons on target at each extraction, and a total of 4.5 · 1019 p.o.t. per year in shared mode.
However, for heat deposition and stress calculations the possibility of beam upgrades has been taken
into account, assuming an ultimate intensity of 3.5 · 1013 protons per spill. For beam dump and dose
equivalent rate calculation, the standard assumption has been a current of 8 · 1012 protons/s over 200
days of continuous dedicated operation , corresponding to 3.5 · 1020 p.o.t./year.
4.1 Estimation of the dose equivalent rate
The prompt dose equivalent rates for the whole installation [8] was calculated with FLUKA according
to the implemented geometry (see Fig. 24). The resulting map is reported in Fig. 25. In the electromag-
netic transport a threshold for electrons and positrons of 0.3 MeV (kinetic energy) and 0.03 MeV for
photons was used. For other particles except neutrons a cut-off kinetic energy of 3 MeV was chosen.
Neutrons were followed down to thermal energy (1.010−14 GeV). In order to force the calculation to
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converge toward the final result, a splitting biasing was used. The number of particles crossing a shield-
ing boundary is increased on average by a factor equal to the ratio of the importances on either side of
the boundary.
The levels of radiation are clearly higher in the target chamber in particular near the target station
and near the reflector. In the service galleries the dose rates are in general low except near the access
galleries and the ventilation ducts, structures that connect directly to the target chamber. In the other
positions the molasse between the target chamber and the service gallery shields the service gallery.
Figure 24: FLUKA geometry of the CNGS installation.
Figure 25: Prompt dose equivalent rates.
4.2 Muon distributions
Special simulation runs have been performed in order to evaluate the muon distribution in the µ-pits, as
diagnostic of the CNGS beam. In fig.26 is shown the calculated muon energy loss in the beam dump and
in the beam dump plus the rock. As an example, the resulting muon fluence above 1 MeV in different
proton beam alignment conditions is shown in fig. 27.
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Figure 26: Muon energy loss distribution from the end of the decay tunnel to the first muon pit (top) and
from the end of the decay tunnel to the second muon pit (bottom), assuming nominal beam conditions.
4.3 The neutrino beam at LNGS site
Flux ( ν/cm2/pot ) < Eν > νi/νµ
Eν < 100 GeV Eν < 400 GeV ( GeV) (%)
νµ 7.4 ·10−13 7.5·10−13 17.9
νe 4.7 ·10−15 4.8 ·10−15 24.5 0.65
ν¯µ 2.9 ·10−14 2.9 ·10−14 21.8 3.9
ν¯e 6.0 ·10−16 6.2 ·10−16 24.4 0.08
Table 3: Neutrino fluences normalized to 1 pot, and average ν energy and composition for Eν < 100
GeV.
For neutrino beam simulations, decay length biasing has been applied to mesons and muons, so that
pion and kaon decay is sampled every 10 m on average. The direction of neutrinos from pion decay
and from kaon two-body decays has also been biased. The direction has been chosen according to the
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Figure 27: Muon flux as a function of the horizontal position in the muon pits, averaged over 10 cm
above and below the vertical center, in different beam alignment conditions. All curves are normalized
to 1012 protons on target.
Eν < 30 GeV Eν < 100 GeV Eν < 400 GeV νi/νµ - CC (%)
νµ 496 580 604
νe 2.26 5.02 5.44 0.89
ν¯µ 6.5 14.0 15.1 2.4
ν¯e 0.13 0.33 0.38 0.06
Table 4: Charged Current event rates on an isoscalar target, normalized to 1019 pot and 1 kton mass and
their corresponding neutrino contamination for Eν < 100 GeV.
distribution exp−1− cos(θ)
λ
where θ is the polar angle between the sampled direction and the beam
direction (transformed to the center of mass reference system), and λ = 0.25. Since, however, low
energy electron neutrinos are produced by muon decay after pion or kaon decay, the decay preferential
direction has been inverted to calculate electron neutrino (and anti-neutrino) fluences.
Neutrinos were scored at the GranSasso position within a radius of 400 m, both in (modified FLUKA
estimators and in a dump file for n-tuple production. In order to have an good description of the neutrino
features at the Gran Sasso site a large statistics of 107 proton on target events was calculated. Statistical
accuracy on energy-integrated quantities is well below 1% for νµ, and at percent level for the other
flavors.
The muon neutrino flux will be characterized by an average energy of 17.9 GeV and ∼ 0.6% νe to
νµ contamination (Fig. 28, Table 3). The νµ and νe component are below 4 % and 0.1 % respectively.
The ντ intrinsic level in the beam is expected be below 10−6 allowing for clean νµ → ντ appearance
experiment. Neutrino spectra have been convoluted with NUX-FLUKA[18] cross section to obtain
espected interaction rates as in table 4. The expected neutrino CC event rate at the Gran Sasso site is
∼ 2800/kt/y (Table 4).
Comparing the calculated neutrino beam at the Gran Sasso site with the previous CNGS beam simu-
lations a reduction of ∼ 3.5 % of the neutrino fluence is observed with respect to the reference beam of
2002, because of the implementation of the complex structure of the target, including also the internal






































































Figure 28: The expected neutrino beam spectra with parent particles at the Gran Sasso site as integrated
over the 400 m radius area.
TBID, and the substitution of helium with air in parts of the target hall. The 2003-04 release, where a
more simple rod support system was considered, and beam windows were missing, allowed to increase
the 2002 reference neutrino fluence by 3.7 %.
Despite the absence of a near detector, the beam composition and its related systematic error will be
well under control, this thanks to the reliability of the simulations well tested on the data of the NOMAD
experiment [19] at the SPS WANF neutrino beam [20]. Due to the 732 Km of baseline the contribution
to neutrino beam from the K±, K0 is reduced by a factor 1.5 ÷ 2 with respect to the case of the short
baseline facility as the previous WANF at the CERN SPS. Contribution to neutrino fluence from high
energy proton interactions downstream of the graphite target and from prompt charmed particles and
kaons decay in the target and dump are negligible. The νe component will be mainly produced in the
µ+ decay instead from K+ and K0 as in the WANF. The horn and reflector action can be recognized
by looking to the distribution of the longitudinal z coordinate of the position of the last parent decay
(Fig. 29).
Using the same simulation tools tested at WANF, the neutrino flux can be predicted at Gran Sasso
within a systematic uncertainty ∼ 5% [9]. Due to correlations between the sources of the νµ and
νe fluxes, where both neutrinos are essentially produced from pi+ of different momenta, the νµ by pion
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Figure 29: The calculated longitudinal position w.r.t. the center of the target of the neutrino production
(last parent decay point) for νµ (top) and νµ.
decay and νe from the subsequent muon decay, the νe/νµ ratio will be known with∼ 3.1% normalization
error and 3 ÷ 4% energy dependent error. However the sensitivity on both the νµ → ντ and νµ → νe
oscillation channels is expected to be fully dominated by the event statistics.
4.4 Storing the neutrino beam informations in n-tuples
The main neutrino beam Monte Carlo data about the full history of the neutrino event generation have
been stored in 40 n-tuples , each one referring to 2.5 · 105 pot. The n-tuples are provided in two separate
sets, for electron (anti)neutrino and muon (anti)neutrino respectively, due to the differences in biasing
explained in the previous sections. Warning to n-tuple users: due to decay length and direction biasing,
each neutrino carries a different weight. This weight must be taken into account when constructing
histograms and/or distributions. The structure of the n-tuples is the following:
nevent serial number of the neutrino event;
nuid identification number of neutrino;
nuene neutrino energy;
nugen number of interaction/decay processes for the neutrino parents (for the incoming 400 GeV/c pro-
ton: nugen=1);
dcyid identification number of the last parent of the neutrino;
dcyene energy of the last parent of the neutrino;
dcyr radial distance of the last decay wich produces neutrino;
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dcyz longitudinal distance of the last decay which produces neutrino;
oldid identification number of the particle of the last inelastic interaction;
oldmom momentum of the particle of the last inelastic interaction;
oldx x-coordinate of the position of the last inelastic interaction;
oldy y-coordinate of the position of the last inelastic interaction;
oldz z-coordinate of the position of the last inelastic interaction;
oldcx cos of the direction along the x-axis of the last inelastic interaction;
oldcy cos of the direction along the y-axis of the last inelastic interaction;
oldcz cos of the direction along the z-axis of the last inelastic interaction;
weight weight to be assigned for neutrino event to account for the biasing mode used to produce the
neutrinos;
radGS radial distance of the neutrino to the Gran Sasso.
5 Conclusions
This new release of the Monte Carlo simulation of the CNGS neutrino beam based on the FLUKA pack-
age describes accurately the features and the details of the CNGS beam-line, including all the beam optic
elements, monitors for the beam-line diagnostic as well as shielding and the involved infrastructures.
This tool allows to describe the neutrino propagation from the CERN to the Gran Sasso Laboratories,
as well as the energy deposition and irradiation level of the beam-line materials. The resulting neu-
trino spectra at The Gran Sasso laboratories have been produced for a large 107 pot statistics with this
Monte Carlo. All the more relevant informations about the neutrino beam have been stored in dedicated
n-tuples available in order to allow their exploitation by the involved long base-line experiments.
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A Positions of the main elements in the CNGS installation
Element Position (cm)
Origin of coordinates of FLUKA geometry Center of all target elements
Focal Point (FP) of the CNGS layout 50 cm downstream the starting of the target elements
Distance between FP and FLUKA Origin (FO) 50 cm
Table 5: Focal point and FLUKA origin.
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Element Distances in cm with respect to the FO
Start coordinate of target elements -100
End coordinate of target elements 100
Starting point of marble downstream of target (thickness 30 cm) 119
Start coordinate of the horn 219.7
End coordinate of the horn 885.6
Starting point of marble downstream of horn (thickness 30 cm) 1049
Starting point of collimator 1079
End point of collimator 1299
Starting point of first helium tube 1090
End point of first helium tube 4174
Start coordinate of the reflector 4284.7
End coordinate of the reflector 4950
Starting point of second helium tube 5118.1
End point of second helium tube 9218.2
Starting point of decay tube 9400.3
End point of decay tube 109200
Starting point of hadron stop 109350
End point of hadron stop 111085
Start point of 1st muon pit (length 5 m) 111140
Start point of 2nd muon pit (length 5 m) 118365
Table 6: Positions of the main elements in the CNGS installation.
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